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in Nasal-Placode-Derived Luteinizing Hormone-
Releasing Hormone Neurons during Development
Phillip R. Kramer and Susan Wray1
Cellular and Developmental Neurobiology Section, National Institute of Neurological
Disorders and Stroke, National Institutes of Health, Bethesda, Maryland 20892
Neurons differentiating into the luteinizing hormone-releasing hormone (LHRH) neuroendocrine phenotype are derived
from the nasal placode. Cells within the vomeronasal organ anlage that turn on LHRH gene and peptide expression
subsequently migrate into the forebrain where they influence reproductive function. The molecular and cellular cues
regulating differentiation and migration of these cells are unknown. Discovery of developmental markers can indicate
proteins directing or associated with differentiation. Analysis of such markers after manipulation of external cues can
elucidate important extracellular differentiation signals. Embryonic LHRH neurons were examined in vivo for Mash-1 and
nestin, two factors that delineate precursor populations in PNS and forebrain CNS cells. Nestin, but not Mash-1, was
detected in early expressing LHRH cells in the vomeronasal organ anlage. These results were duplicated in LHRH neurons
maintained in vitro in nasal explants. Such LHRH cells expressed nestin mRNA but not Mash-1 mRNA and were also
negative for three other olfactory epithelial developmental transcription factors, Math4A, Math4C/neurogenin1, and
NeuroD mRNA. Experimental manipulation of nasal explants revealed dual expression of nestin protein and LHRH in cells
proximal to the vomeronasal organ anlage that was dependent upon midline cartilaginous/mesenchymal tissues. Prolonged
nestin expression in LHRH cells after midline removal is consistent with nasal midline tissues modulating differentiation
of LHRH neurons from the nasal placode.
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m
d
a
L
H
t
D
e
s
c
n
m
t
m
a
rINTRODUCTION
Luteinizing hormone releasing hormone (LHRH) neurons
are critical to reproductive function in vertebrates (for
review see Fink, 1988). Although residing in the forebrain
postnatally LHRH neurons differentiate from progenitor
cells in the nasal placode (Wray et al., 1989; Schwanzel-
ukuda and Pfaff, 1989). As the nasal placode invaginates
espiratory and olfactory epithelia become specified
Tarozzo et al., 1995). The identity of cell types residing
ithin the respiratory epithelium is unclear due to the lack
f phenotypic markers for cells in this area. In contrast,
uch is known about the olfactory epithelium. The olfac-
ory epithelium produces the main olfactory epithelia that
ecomes the chemosensory system and the olfactory pit
1 To whom correspondence should be addressed at Cellular and
Developmental Neurobiology, NINDS, NIH, Building 36, Room
5A-25, Bethesda, MD 20892. Fax: 301-496-8578. E-mail:dswray@codon.nih.gov.
0012-1606/00 $35.00pithelia or vomeronasal organ that becomes the phero-
one receptive system (Halpern, 1987; Farbman, 1992).
In mouse, LHRH mRNA and peptide product are first
etected in a subset of cells in the vomeronasal organ
nlage/olfactory pit (Wray et al., 1989), suggesting that
HRH precursors arise from the olfactory epithelia lineage.
owever, experiments subdividing the presumptive olfac-
ory and respiratory regions in the chick (El Amrauoui and
ubois, 1993) found that removal of the anterior area
liminated LHRH cells and respiratory epithelial cells but
pared olfactory epithelial structures. In addition, LHRH
ells have been reported in the respiratory epithelium of
ormal chick (Hilal et al., 1996) and mice possessing a
utation in the developmental transcription factor activa-
or protein 2a (AP-2a) (Kramer et al., 2000). These experi-
ents suggest that LHRH progenitors may be more closely
ssociated with respiratory regions rather than olfactory
egions and argue that olfactory epithelial progenitors are
istinct from LHRH progenitors in the nasal placode. In
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344 Kramer and Wraysupport of this Kramer et al. (2000) found that prior to
LHRH expression in the mouse nasal placode, an area
existed between AP-2a-positive respiratory cells and sen-
sory cells expressing Olf-1. They suggested that it is this
intermediate region that normally gives rise to LHRH cells,
i.e., is the location of LHRH progenitor cells. However, the
precise lineage of neuroendocrine LHRH cells remains to be
determined as well as the factors that specify onset of
LHRH gene expression.
At present, prior to LHRH expression, no marker has
been reported that distinguishes the LHRH cell type from
other cells in the nasal placode/olfactory epithelium/
olfactory pit lineage. In this study, we screened “early”
expressing LHRH neurons for a number of developmental
markers that could be indicative of cells derived from the
nasal placode in the preLHRH lineage. The objective of this
study was to identify developmental markers critical for
tracing cues important for LHRH cell differentiation.
Transcription factors Mash-1, Math4A, Math4C/
neurogenin1, and NeuroD are expressed in the developing
olfactory epithelium and Mash-1, neurogenin1, and
NeuroD appear to be part of a developmental pathway in
olfactory receptor neurons (ORNs) (Ma et al., 1997; Cau et
al., 1997). ORNs, like LHRH neurons, arise from the nasal
placode but are located in the main olfactory epithelium
rather than the vomeronasal organ anlage (Tarozzo et al.,
1995). Mash-1 expression in ORN lineage has been charac-
terized (Gordon et al., 1995; Cau et al., 1997) and likely
ives rise to immediate precursors of ORNs (Gordon et al.,
995). Following Mash-1 expression, transcription factor
ath4C/neurogenin1 is expressed in immediate neuronal
recursors of ORNs (Guillemot and Joyner, 1993) and may
unction in neuronal determination and/or as an activator
f NeuroD (Ma et al., 1996; Cau et al., 1997). Math4A may
lso activate NeuroD expression but within a subset of
lfactory epithelial cells that do not express Mash-1 (Cau et
l., 1997). NeuroD expression following Math4C/
eurogenin1 in the olfactory neuronal lineage may activate
erminal differentiation of ORNs (Lee et al., 1995). Al-
hough the expression pattern of these four transcription
actors has been well documented for the main olfactory
pithelium, much less has been reported for their pattern
ithin the vomeronasal organ. However, Mash-1, Math4C/
eurogenin1, and NeuroD are expressed in the nasal pla-
ode (Guillemot and Joyner, 1993) and Mash-1 expression
ppears to continue in cells in the olfactory pit–
omeronasal organ anlage (Guillemot and Joyner, 1993; Ma
t al., 1996). Thus, if LHRH neurons and ORNs are from the
ame lineage, preLHRH neurons may also express one of
hese olfactory epithelial lineage markers.
Nestin is commonly used to characterize developing
eurons or neural crest (for review see Liem, 1993; Duprey
nd Paulin, 1995), appearing in proliferating neuronal pre-
ursor cells, but down-regulated upon differentiation (Fred-
riksen and McKay, 1988; Lendahl et al., 1990). Prenatally,
estin mRNA has not been detected in the main olfactory
pithelium (Dahlstrand et al., 1995), but has been reported pn cells within the rat vomeronasal organ postnatally
Osada et al., 1995). The prenatal expression of nestin
ithin cells in the vomeronasal anlage but not within the
ain olfactory epithelium anlage could differentiate these
wo structures and possibly neuronal precursor cells des-
ined for different lineages in the nasal placode. As such,
reLHRH neurons (and possibly prepheromone receptor
eurons) may, like many other CNS and neural crest
rogenitor cells, express nestin mRNA.
In this study, we show that nestin expression is present in
he nasal placode of prenatal mice. As the placode invagi-
ates, a small group of nestin-positive cells was detected in
he ventro-caudal aspect along with LHRH cells, while
ash-1-positive cells were detected throughout the central
egion of the invaginating placode. After invagination,
ash-1 expression was found in the main olfactory epithe-
ium and the olfactory pit, while nestin expression was
etected in cells in the olfactory pit. We then examined
hese and other developmental markers in LHRH neurons,
hortly after neuropeptide expression onset. The genes
xamined included Mash-1, Math4A, Math4B, Math 4C/
eurogenin1, NeuroD, and nestin. This investigation dem-
nstrates nestin expression in primary LHRH neurons and
xcludes several olfactory developmental factors as signals
or LHRH neuronal differentiation. Using this new marker
or LHRH neurons we demonstrate that spatially defined
ues are present in olfactory tissue in an in vitro paradigm,
asal explants (Fueshko and Wray, 1994). Experimental
anipulation of the olfactory epithelial tissue and the
idline nasal cartilage indicates that cues in the nasal
idline area regulate nestin protein expression in LHRH
eurons. These results in vitro suggest that midline tissues
dvance the differentiated state of LHRH cells migrating
rom the olfactory pit.
MATERIALS AND METHODS
In Vivo Expression of Markers in the Developing
Nasal Placode
Immunocytochemistry. E10.5-E12.5 (n 5 10) mouse embryos
were processed for LHRH, nestin, Mash-1, pax-6, and peripherin
using standard avidin–biotin–HRP procedures (Wray et al., 1989).
LHRH antiserum (rabbit polyclonal) (Wray et al., 1988) was used at
1:2500, nestin antiserum (rabbit polyclonal, gift of Dr. R. Mckay)
(Frederiksen and McKay, 1988) was used at 1:3000, anti-Mash-1
hybridoma supernatant (mouse monoclonal, gift of Dr. D. J. Ander-
son) was used at 1:1.5, pax-6 antiserum (rabbit polyclonal, gift of
Dr. D. Panchision) was used at 1:800, and anti-peripherin (rabbit
polyclonal, Chemicon, Temecula, CA) was used at 1:2000. Goat
anti-rabbit (Vector Labs, Inc., Burlingame, CA) and goat anti-mouse
(Boehringer Mannheim, IN) secondary antibodies were used at
1:500. The chromogen for the antigen–antibody complex was
nickel-intensified 39, 39-diaminobenzidine (DAB, blue precipitate).
In situ hybridization histochemistry. Fresh, frozen mouse em-
bryos sections (16-mm thickness) were cut on a Reichert-Jung 2800-
rigocut-E cryostat and mounted on subbed slides. The sections were
rocessed as previously described (Wray et al., 1989). Briefly, sections
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345LHRH Neuronal Developmentwere fixed in 4% formaldehyde, rinsed in PBS, permeabilized in 0.3%
Triton X-100/0.05 M EDTA/0.1 M Tris, pH 8.0, buffer, rinsed in Tris
buffer, pH 8.0, washed in 0.25% acetic anhydride/0.1 M triethanol-
amine hydrochloride–0.9% NaCl, rinsed in 23 SSC, dehydrated
hrough ethanol, delipidated in chloroform, rinsed in ethanol, and
ir-dried. A 48-nucleotide oligo probe (5 pmol), complementary to the
oding region of mouse nestin (Dahlstrand et al., 1995)
(59-GGTCCCTGGGAATCCTGGATTTCTTCT-GTGTCC-
AGACCACTTTCTTGT-39) or LHRH (59-TTCAGTGTTT-
CTCTTTCCCCC-AGGGCGCAACCCATAGGACCAGTGCTG-39),
was 39-end-labeled with 35S-labeled dATP (specific activity 1000–1500
Ci/mmol: Dupont-NEN), 100 U terminal deoxynucleotidyl trans-
ferase (Boehringer Mannheim), and 53 tailing buffer (GIBCO BRL,
Grand Island, NY) to a specific activity of 10,000–18,000 Ci/mmol.
Labeled probe (1,000,000 cpm) was applied to each slide in 50 ml of
ybridization buffer (Wray et al., 1989). Slides were hybridized over-
ight in humid chambers at 37°C. The following day, slides were
insed in 13 SSC/65 mM DTT, washed at high stringency in 23
SC/50% formamide/20 mM DTT at 40°C, and washed in 13 SSC at
oom temperature. Slides were then rinsed in water, dehydrated in
thanol, dried, and placed against film. After X-ray film exposure for 5
ays, the slides were dipped in NTB3 (Eastman Kodak, Rochester, NY)
nd exposed for 3–6 weeks. Emulsion-covered slides were developed
s previously described (Wray et al., 1989).
Quantitation and statistical analyses of olfactory pit ISHH
ata. Images were digitized under bright-field microscopy (Mau-
er and Wray, 1997) and quantitation was performed as described
reviously (Wray et al., 1991). The nestin mRNA levels in parasag-
ittal cryosections that contained the entire olfactory pit for E11.5
and E12.5 embryos were quantitated. Silver grains (15% above
background) within the six slices containing one olfactory pit were
calculated as the mean optical density (OD) per olfactory pit,
expressed as (area 3 mean 5 OD/pit) using National Institutes of
Health (NIH) image software (Wayne Rasband, NIH, Bethesda,
MD). Local background of the surrounding olfactory epithelium
and nasal mesenchyme was subtracted from each pit measurement
to obtain a corrected OD measurement per olfactory pit:
~areapit 3 meanpit! 2 ~areabackground 3 meanbackground!
5 mRNA level/pit.
The value was divided by the sum of the two dimensional area of
the six olfactory pit slices (mm2/pit) to obtain the value for
OD/mm2. Calculations were made on a minimum of four olfactory
pits from two different animals.
Expression of Markers in Single LHRH Cells
Isolation of single LHRH cells. E11.0–E11.5 embryos were
removed from NIH-Swiss mice in accordance with NIH guidelines
and unilateral and bilateral nasal explants (nasal tissue containing
olfactory pit epithelium, some main olfactory epithelium, and
surrounding mesenchyme) were dissected, trimmed, and grown in
vitro for several days under serum-free conditions (Fueshko and
Wray, 1994). Nasal explants were then placed in 60-mm tissue
culture plates, washed twice in 2 ml of phosphate-buffered saline
(PBS) (without Ca21 or Mg21), and placed in 2 ml of PBS with 1 3
1023% trypsin solution (0.05% trypsin without Ca21 or Mg21).
Explants were observed under a Nikon inverted microscope, and
LHRH-like neurons were identified by morphology and anatomical
location–bipolar neurons associated with fibers exiting from the
explant (Fueshko and Wray, 1994). Isolated neurons were removedfrom the explant with a micromanipulator fitted with a pulled and
beveled microcapillary (FHC, Bowdoinham, ME).
Single-cell cDNA libraries. Construction of the single-cell
cDNA libraries was based on Dulac and Axel (1995) protocol.
Single-cell aliquots were placed into a reaction mixture containing
4 ml of lysis buffer (50 mM Tris–HCl, pH 8.3, 75 mM KCl, 3mM
MgCl2, 0.5% NP-40, containing 80 ng/ml pd(T) 19–24 or 76 mg/ml
random hexamers (Boehringer, Indianapolis, IN), 5 units (U)/ml
prime RNase inhibitor (5-3 Inc., Bolder, CO), 324 U/ml RNAguard
(Pharmacia, Piscataway, NJ), and 10 mM of dATP, dCTP, dTTP,
GTP at 4°C. The cells were lysed by a 1-min incubation at 65°C,
nd then 50 U of Moloney murine leukemia virus and 0.5 U of
vian reverse transcriptases (Bethesda Research Laboratories, Bev-
rly, MA) were added. To test the sensitivity of this assay, parallel
amples of total mouse brain RNA (20 pg, Ambion, Austin, TX)
ere spiked with neomycin reductase (neo) mRNAs (0–1000
opies/cell, Boehringer Mannheim) and reverse transcriptases were
dded to the sample as described above. [We estimated that a single
ammalian cell contains approximately 20 pg of total RNA (Davis
t al., 1994).] All samples were then incubated at 37°C for either 15
in using pd(T) primers (LHRH, nestin, Mash-1, neo) or for 1 h
sing random hexamers (LHRH, GAPDH, Math4A, Math4B,
ath4C/neurogenin1, NeuroD) and the samples were then heat-
nactivated at 65°C for 10 min.
A poly(A) addition was performed on the cDNA product pro-
uced using the oligo pd(T) primer by adding an equal volume of
00 mM potassium cacodylate (pH 7.2), 4 mM CoCl2, 0.4 mM
TT, 200 mM dATP containing 10 U of terminal transferase
(Boehringer) and incubating the reaction mixture for 15 min at
37°C. The sample was heat-inactivated by incubating at 65°C for
10 min. PCR amplification on the pd(T) primed cDNA was per-
formed using 5 mg of the AL 1 primer (ATTGGATCC AGGC-
CGCTCTGGACAAAATATGAATTC (T)24), PCR buffer (10 mM
Tris–HCl, pH 8.3, 50 mM KCl), 2.5 mM MgCl2, 1 mM dGTP, dTTP,
ATP, dCTP, 10 mg BSA, 0.05% Triton X-100 (Boehringer), 10 U
AmpliTaq (Perkin–Elmer, Branchburg, NJ), and 25 cycles using the
following protocol; 94°C for 1 min, 42°C for 2 min and 72°C for 6
min with 10-s extensions following each cycle; after the initial 25
cycles an additional 5 U AmpliTaq was added and 25 more cycles
were performed (Dulac and Axel, 1995). The PCR product (1 mg)
was electrophoresed through 1.5% low-melting-point agarose in
TAE buffer (15 mM Tris, 33 mM NaOAc, 2 mM EDTA, pH 7.8),
blotted on nylon membrane (Genescreenplus, DuPont, Boston,
MA), and then probed with LHRH (350-bp fragment of the rat
LHRH cDNA including exons 1–4, a gift from Dr. J. Adelman),
nestin (600-bp fragment of the 39 end of the nestin cDNA clone
401:16, a gift from Dr. R. Mckay), Mash-1 (1300 bp of the 39-end
region from the cDNA clone c2, a gift from Dr. F. Guillemot), or a
neo-specific probe (641-bp PstI fragment of pPNT, a gift from Dr.
Andreas Zimmer). The membranes were prehybridized for 3 h at
60°C with 1% dextran sulfate, 1.0 M NaCl, 1% SDS, and 100 mg/ml
heared Herring sperm DNA. Probes were labeled with a-[32P]-
CTP using random primer labeling (Boehringer). The probe was
oiled for 5 min in hybridization solution (1% dextran sulfate, 1.0
NaCl, 1% SDS, and 700 mg/ml sheared Herring sperm DNA),
incubated at 65°C for 3 h, and then added to the prehybridization
solution. The membranes were hybridized for greater than 12 h,
washed twice for 45 min at 60°C in a solution of 23 SSC (300 mM
NaCl, 30 mM sodium citrate, pH 7.0), 1% SDS, and exposed to
film.
Amplification of Math4A, Math4B, Math4C/neurogenin1, Neu-
roD, LHRH, and GAPDH was performed on the random-primed
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346 Kramer and WraycDNA using degenerate primers and methods described previously
(Ma et al., 1996; Cau et al., 1997). Math4B is not expressed in cells in
the olfactory epithelium but is upstream of NeuroD expression in
cells in the developing hypothalamus (Sommer et al., 1996). Ampli-
fication of LHRH, (59-ACTGGTCCT-ATGGGTTGCGCCCTG-39),
(59CGGGGCCAGTGGACAGTACATTCG-39) and GADPH
(59GGACATTGTTGCCATCAACGAC-39), (59ATGAGCC-
CTTCCACGATGCCAAAG-39) was performed using 30 cycles of
95°C, 1 min; 55°C, 1 min; 72°C 2 min. PCR products for the specific
genes were separated by gel electrophoresis and stained with ethidium
bromide.
Double-label immunocytochemistry. After 3, 5, or 7 days in
vitro, nasal explants were processed for five antigens, cyclin D1 and
Ki67 and LHRH or nestin, LHRH and nestin, or Mash-1 and LHRH,
by double-label immunocytochemical procedures previously de-
scribed (Fueshko and Wray, 1994). Cyclin D1 (Ab-3) monoclonal
antiserum (Calbiochem, Cambridge, MA) was used at 1:100, Ki67
polyclonal antiserum was used at 1:3000 (Novocastra, United
Kingdom). Nestin antisera, anti-Mash-1, and LHRH antisera as
well as secondary antibodies were used as described previously. In
the procedure for double-labeling either the chromogen for the first
antigen–antibody complex was DAB (brown precipitate), while the
chromogen for the second antigen–antibody complex was benzi-
dine dihydrochloride (blue-green crystalline precipitate) or SG
substrate (blue precipitate, Vector), or the chromogen for the first
antigen–antibody complex was nickel-intensified DAB (blue-black
reaction product), while the chromogen for the second antigen–
antibody complex was DAB (brown precipitate). All procedures
gave similar results. Controls were run omitting the second pri-
mary, which resulted in no second chromagen reaction on previ-
ously labeled cells (data not shown). Following processing, cultures
were counterstained with methyl green, dehydrated, cleared with
xylene, and mounted in Permount. For each culture the average
number of immunopositive cells detected with a specific antibody
were counted, mean (X) values are given plus the standard error of
the mean (SEM). Cells were counted on the main tissue mass as
well as in the periphery of the explant (see Fig. 3 for regions). The
main tissue mass contains the olfactory pit and olfactory epithelial
region, surrounding mesenchyme, and nasal midline cartilage for
bilateral explants. The periphery refers to the area surrounding the
main tissue mass into which cells have spread and/or migrated.
These two valuses (main tissue mass 1 periphery) summed to-
gether equal the number of cells counted in the entire explant
culture. Statistical significance was determined with a two-tailed t
test. Note that double-immunofluorecense techniques were not
used because detection of cells on the main tissue mass had a
higher signal-to-noise ratio compared to that using nonfluorescent
methods, due to the thickness of this region of the nasal explant.
Thus, although it was more difficult to demonstrate colabeling
photographically, it enabled more accurate cell counts to be ob-
tained.
RESULTS
Nestin and Mash-1 Were Expressed in the Nasal
Placode and Olfactory Pit
Nestin-immunopositive and Mash-1-immunopositive
cells were detected in the nasal placode at E10.5-E11.0 (Figs.
1A and 1B). The nasal placode was also identified by two
additional markers for this structure, pax-6 and peripherin ddata not shown). At these early stages, LHRH cells are
arely detected (Wu et al., 1995; Key and Wray, 2000) but
how robust onset of expression over the next 2 days (Wray
t al., 1989). At E11.5, Mash-1-positive cells were dispersed
hroughout the middle region of the invaginating placode
data not shown). At this same age a small cluster of
estin-positive cells was present in a discrete region
ventro-caudal area) of the invaginating placode and this cell
roup spanned across the width of the epithelial layer (Figs.
C, green, and C2). The first LHRH-positive cells were
etected in this same region (Figs. 1C, red, C1) and a few of
hese LHRH cells appeared to coexpress nestin (Figs. 1C,
ellow, C3). By E12.5 Mash-1-positive cells were located in
oth the main olfactory epithelium and the olfactory pit/
omeronasal organ anlage (data not shown). Nestin-positive
ells were present in the olfactory pit and in a population of
ells forming a border between the nasal mesenchyme and
he basal aspect of the main olfactory epithelium. These
atter cells had nestin-positive processes that extended
cross the main olfactory epithelium to the lumenal sur-
ace. Nestin/LHRH-positive cells were not observed at
12.5 (data not shown).
In situ hybridization was performed on embryonic sec-
ions to verify nestin transcript in the olfactory pit since its
resence prenatally had not been previously reported (Dahl-
trand et al., 1995). In situ hybrizidation for nestin on
embryonic sections prior to E11.0 had a low signal-to-noise
ratio in the placodal region (due to edge effects) and thus
was inconclusive. However, a nestin-positive signal was
present in the olfactory pit at E11.0–E12.5 (Figs. 1D and 1E),
consistent with the protein staining observed at E10.5–E11
in the invaginating placode (Fig. 1B). A nestin-positive
signal was also detected in the dorsal olfactory epithelium
at E11.5 (Fig. 1D). The identity of the cells in this region
that express nestin at E11.5 is currently unknown. The
number and location of cells expressing nestin transcript
within the olfactory pit coincide with the number and
location of LHRH neurons detected at E11.5–E12.5 (com-
pare Figs. 1E and 1F) (Wray et al., 1989). Quantitation of the
silver grains in the olfactory pit epithelium revealed that
the signal per area is twice as strong in the E11.0–E11.5
olfactory pit (7.3 OD/mm2, n 5 5) as in the E12.5 olfactory
it (4 OD/mm2, n 5 4). This result indicates a decrease in
estin transcript between these two developmental stages,
time during which the majority of LHRH cells are turning
n LHRH gene expression. Thus, both nestin expression
nd Mash-1 expression in cells in the developing nasal
lacode preceded neuropeptide expression in LHRH cells
ithin the olfactory pit, and a few nestin/LHRH-expressing
ells were identified in the ventro-caudal region of the
nvaginating placode during formation of the olfactory pit.
Expression of Olfactory Epithelial Genes in LHRH
Neurons in Vitro
Our in vivo results suggested that nestin expression
ecreased as LHRH neuropeptide expression increased.
D347LHRH Neuronal DevelopmentFIG. 1. Nestin and Mash-1 expression in cells in the olfactory pit. Immunocytochemistry on E10.5 embryos detected mash-1-positive (A)
and nestin-positive (B) cells in the nasal placode. Location of A and B is indicated in black (arrow, nasal placode) in the camera lucida
drawing of an E10.5 mouse shown on top left. (C) E11.5 embryo stained for LHRH (red) and nestin (green). A small cluster of nestin-positive
cells was detected spanning across the invaginating epithelium (C, arrows; C2). LHRH cells were also detected in this region (C1) and a few
cells appeared double-labeled (C3). In situ hybridization was performed using a nestin antisense synthetic deoxynucleotide probe (E11.5, D;
and E12.5, E). A positive signal (silver grains) was detected in the olfactory pit (OP), indicating the presence of nestin mRNA. Location of
D–F is indicated in black (arrow, olfactory pit) in the camera lucida drawing of an E12.5 mouse shown on top right. (F) Section from an E12.5
mouse embryo hybridized with a LHRH antisense oligonucleotide probe showing the presence of multiple LHRH-positive cells. Bar 5 60
mm in A, B; 100 mm in C; 70 mm in D–F. IP, invaginating placode; OP, olfactory pit; NC, nasal cavity; OE, olfactory epithelium; T, tongue;RG, dorsal root ganglion; AV, auditory vesicle; MA, mandibular arch; IV, fourth ventricle.
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348 Kramer and WrayCould nestin be used as a marker for pre-LHRH cells since
expression in the invaginating placode was limited, and
could analysis of nestin expression be used to identify
signals important for differentiation of the LHRH pheno-
type? We chose to examine this issue using an in vitro
ystem, nasal explants, known to maintain many aspects of
HRH differentiation (Fueshko and Wray, 1994). Such a
ystem, circumvents the complications (numerous uncon-
rollable factors) encountered in manipulating E11.5–E12.5
ice embryos in vivo. Since inductive interactions, often
ssociated with an epithelial–mesenchymal border (Jones et
l., 1991; Mehler et al., 1997), can influence the develop-
ental fate and differentiation of localized cell populations,
he first manipulation investigated was separation of the
lfactory pit from midline cartilage/mesenchymal tissue.
o monitor nestin expression in LHRH cells in vitro, both
RNA and protein were examined. A single-cell approach
as used to assay nestin mRNA, while immunocytochem-
stry was used to detect nestin protein.
Single-cell assay sensitivity. For examination of onset
f gene expression, one is always limited by methodological
ensitivity. Thus, we needed to determine the reliability
nd sensitivity of this relatively novel technique in our
xperimental conditions, i.e., if a sample was negative what
robability existed that the sample contained some tran-
cript and what level might that transcript be. The sensi-
ivity of performing a Southern blot analysis on PCR-
mplified cDNA from a single cell was tested using neo
NA-spiked mouse brain RNA (see Materials and Meth-
ds). The single-cell assay proved to be very specific, since
o signal was observed in six samples in which 0 copies of
f neo mRNA was present (Table 1). The intensity of the
eo cDNA product on the Southern blot decreased as the
TABLE 1
Sensitivity of Southern Analysis Performed on PCR-Amplified cD
with Neo Sense mRNA
Copies of Neo mRNA added to
the mouse brain total RNAa
Total number of PCR
amplification
reactions performedb
1000 5
500 5
100 9
50 10
10 9
5 6
0 6
a Poly A neo sense mRNA was added at varying concentrations
o the total RNA present in an average single cell. The mixture w
eaction was subsequently amplified by PCR (see Materials and Me
garose gel and Southern analysis was performed using a neo spec
b The number of replica reactions performed for each concentrat
c Separate reactions for different concentrations were analyzed bumber of neo mRNA copies per sample decreased (data not fhown). Using this assay, the maximum sensitivity was
etween 5 and 9 mRNA copies per cell. Most importantly,
he assay can reliably detect 10–50 copies of mRNA per cell
Table 1).
mRNA analysis of LHRH-like cells. Nasal explants re-
oved at E11.0–E11.5 were grown in serum-free media for
.5–10.5 days. Single, bipolar LHRH-like neurons, which
ad migrated out of the main tissue mass were identified
orphologically using phase contrast microscopy and re-
oved using a micropipette (for schematic of a nasal
xplant see Fig. 3A). The mRNA from single cells was
everse-transcribed and PCR-amplified. Southern analysis
as performed on the amplified cDNA (Fig. 2A). This
llowed limited samples of several cells to be probed for
ultiple genes using a single blot. Using a LHRH-specific
robe 500- and 360-bp DNA fragments were detected on the
outhern blot (Fig. 2B). The 500-bp fragment corresponds to
he proLHRH transcript (Wetsel et al., 1995). Production of
he small 360-bp cDNA fragment was due to the attenuated
everse transcription reaction (see Materials and Methods).
outhern analysis was performed on the same blots using a
estin probe. Cellular cDNA analyzed with a nestin probe
aried in size from 300 to 600 bp in length (Fig. 2C). Unlike
he 500-bp transcript of LHRH, nestin has approximately a
000-bp transcript that cannot be synthesized in its entirety
y this procedure (Brady et al., 1990). To demonstrate
pecificity, several controls were performed. These in-
luded a positive control (LHRH cDNA fragment, lane 1), a
egative control (no cell, lane 2), and RNA obtained from
wo immortalized LHRH cell lines (lane 3 and 4). Lane 1
hows that the LHRH probe hybridized to a fragment of the
HRH cDNA (B) in contrast to the nestin probe (C). Lane 2
ndicates that a sample devoid of a cell did not give a signal
roducts from 20 pg of Mouse Brain Total RNA
umber of reactions
positive Neo signalc
Percentage of PCR reactions in
which the Neo mRNA was detected
5 100.0
5 100.0
9 100.0
10 100.0
7 75.0
1 16.0
0 0.0
pg of total RNA from a mouse brain; 20 pg of RNA is equivalent
ubjected to reverse transcription using oligo d(T) primers and the
s). The amplified cDNA libraries were electrophoresed through an
robe.
f the neo mRNA.
uthern for a positive neo signal and recorded.NA P
N
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349LHRH Neuronal DevelopmentSouthern analysis of single cells removed from bilateral
nasal explants indicated that 63% (10 of 16) of the cells
expressed LHRH mRNA and that of these LHRH-
expressing neurons, 50% (5 of 10 cells) had 10 copies or
more of nestin mRNA after 3.5–4 days in vitro (div). Nestin
mRNA was detected in 50% (8 of 16) of the total cells
removed from bilateral explants. Nestin mRNA and LHRH
mRNA were also coexpressed in a subpopulation of single
cells removed from unilateral nasal explants [Figs. 2B and
2C; note that cells expressing one (lanes 5, 6, 7, and 9) or
none (lane 8) of the mRNAs of interest were observed]. In
unilateral explants, Southern analysis of individual cells
FIG. 2. Cells in olfactory explants coexpress LHRH and nestin
mRNA. (A) Ethidium bromide staining of a 360-bp BamHI–EcoRI (1
ng) fragment from the rat LHRH gene (lane 1) and PCR-amplified
cDNA from a control that contained no cells (lane 2), NLT cell
(lane 3), GT-1 cell (lane 4), and single bipolar cells maintained in
unilateral olfactory explants for 10.5 days (lanes 5–11). (B) Southern
analysis of the PCR-amplified cDNA using an LHRH-specific probe
indicated the positive control (lane 1), NLT and GT-1 cells (lanes 2
and 3), as well as four of seven individual primary cells were
positive for LHRH (B, lanes 6, 9, 10, and 11, 360- and 500-bp bands).
(C) Stripped blot (from B) probed with 600 bp of the 39 UTR of
estin. Four cells were positive for nestin (C, lanes 5, 7, 10, and 11,
s indicated by the 300-, 400-, and 600-bp bands) and two cells were
ositive for both LHRH and the nestin (compare B and C, lanes 10,
1). Note: the immortalized LHRH GT-1 and NLT cells contain the
estin transcript. The different band sizes are expected due to a
runcated reverse transcription reaction (see Materials and Meth-
ds).detected LHRH mRNA in 100% of the cells removed after.5 div (n 5 6) and nestin mRNA was greater than 10
copies/cell in 67% of these (4 of 6). Nestin mRNA in LHRH
mRNA-positive cells was detected after 10.5 div, the latest
time point examined. Nestin transcipt was also detected in
the two immortilized LHRH cell lines (Fig. 2C, lanes 3 and
4). As in vivo, Mash-1 was not detected in neurons express-
ng LHRH mRNA in either bilateral or unilateral explants
t 3.5 div. At a later time point, Mash-1 was detected (,50
opies/cell compared to neo control) in 2 cells removed
rom the periphery of an explant which were LHRH mRNA-
egative (data not shown).
mRNA expression of Math4A, Math4B, Math4C/
eurogenin1, NeuroD, LHRH, and GAPDH was assayed
tilizing sequence-specific PCR amplification from
andom-primed cDNA of single cells. Each cell (n 5 12)
roduced a PCR product specific for LHRH and the house-
eeping gene GAPDH. PCR amplification of these cells did
ot produce a product for Math4A, NeuroD, or Math4B
n 5 12) nor a product for Math4C/neurogenin1 (n 5 8;
ata not shown). Thus, of the six markers analyzed that
ould delineate precursor populations (Math4A, Math4B,
ath4C/neurogenin1, NeuroD, nestin, Mash-1), only nes-
in was detected in LHRH-expressing neurons. At 3.5 div, in
oth bilateral and unilateral explants, ;66% of LHRH
RNA-positive cells expressed nestin mRNA. It should be
oted that prior to 3.5 div individual LHRH cells cannot be
btained from our explants.
Signals within Nasal Explants Alter Nestin
Expression in LHRH Neurons
After identification of nestin mRNA in LHRH neurons,
bilateral and unilateral explant were examined for cells
coexpressing nestin protein and LHRH. Nasal explants
were generated from E11.0–E11.5 embryos and assayed
using immunocytochemistry.
Bilateral nasal explants. In bilateral explants (n 5 25,
Figs. 3A and 3B) a continuum of LHRH neurons (open
arrows) coursed from the center of the olfactory pit medi-
ally across the mesenchyme toward the nasal cartilage, as
previously described (Fueshko and Wray, 1994). The mes-
enchyme between the epithelium and the nasal cartilage is
composed of cells expressing a variety of molecular mark-
ers, suggesting an assortment of cell types within this tissue
(Aoki et al., 1995; Treloar et al., 1996; Mallamaci et al.,
1996). Approaching midline, LHRH neurons turned parallel
to the nasal cartilage and migrated within the mesenchyme
laterally along the cartilage (dorsally and caudally in vivo)
and off the main tissue mass into the periphery (P, Fig. 3B,
open arrows). Immunostaining in bilateral explants indi-
cated robust LHRH expression in neurons at all places along
the continuum; from within the olfactory pit into the
periphery (Figs. 3B and 3C, open arrows). After 3 div no
LHRH/nestin-positive cells were detected. However, due to
the thickness of bilateral cultures at this age, a small
population of LHRH/nestin-positive neurons would have
been difficult to detect. At 7 div a few LHRH/nestin-
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350 Kramer and WrayFIG. 3. LHRH-positive/nestin-positive cells are rare in bilateral nasal explants. (A) Schematic of bilateral nasal explants. In vivo, the
lfactory pits are concave cavities facing outward. The x marks the center of the cavity and the filled square marks the edge of the cavity
im. Culturing and plating a bilateral nasal explant physically turns the olfactory pit tissue such that the cavities are facing upward (toward
he reader). LHRH neuronal migrational path on a bilateral explant is shown (open arrows). OPE, olfactory pit epithelium; M, mesenchyme;
MC, nasal midline cartilage; P, periphery. (B and C) Bilateral nasal explant maintained for 7 div immunocytochemically stained for LHRH
brown cells; open arrows) and nestin (blue-green cells; solid arrow). Dashed lines define the borders of the OPE on the main tissue mass
f the explant (B and C). (C) Left panel shows an enlarged image of one olfactory pit from B; right panel is an olfactory pit from another
ilateral culture. Note: double-labeled cells were not detected in these bilateral explants. (D) Enlarged image from a bilateral explant stained
or Mash-1 and LHRH. Mash-1-positive cells have blue/black nuclear staining (arrowheads) and LHRH-positive cells are brown (arrows).
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351LHRH Neuronal Developmentimmunopositive neurons were observed over the main
tissue mass (Fig. 3, histogram) but double-labeled cells were
not detected in the periphery of bilateral explants. Quanti-
tation of LHRH/nestin-immunopositive cells indicated that
;15% of the LHRH population expressed nestin [total
LHRH neurons 5 184 6 14 cells/culture (n 5 25) while
LHRH/nestin-positive neurons 5 27 6 17 cells/culture].
Thus, the percentage of LHRH cells expressing nestin
protein (15%) was much less than the number detected
expressing nestin mRNA (;50%). In addition, all of the
double-immunolabeled LHRH/nestin cells were on the
main tissue mass while the cells obtained for the mRNA
studies were in the periphery. Mash-1-immunopositive
cells were abundant in the olfactory pit but no Mash-1/
LHRH cells were detected (Fig. 3D). These data are consis-
tent with the earlier obtained Mash-1 mRNA data.
Unilateral nasal explants. As in bilateral explants,
LHRH neurons in unilateral explants formed a continuum
from the olfactory pit toward the putative medial nasal
cartilage (Fig. 4A, follow open arrows). The migratory
behavior of LHRH neurons in unilateral explants demon-
strates that midline tissue/nasal cartilage is not required for
the events initiating LHRH cell movement and/or that the
information necessary for these events was established
prior to experimental culturing. Double-label immunocyto-
chemistry revealed that 45, 79, and 67% of LHRH neurons
(3, 5, and 7 div, respectively, Fig. 4 histogram) expressed
nestin and all of these coexpressing cells were located on
the main tissue mass (Figs. 4B and 4C). Quantitation of cell
numbers in the main tissue region indicated that the
number of nestin-immunopositive neurons approximated
the number of LHRH-immunopositive neurons at 5 and 7
div (99 and 77%, respectively). In all unilateral cultures
(n 5 35) bipolar cells displayed a decrease in nestin
expression and an increase in LHRH expression at the
border of the mesenchyme and the explant periphery.
[Compare nestin cells in the OPE (Fig. 4C, arrows) to
LHRH/nestin neurons on the border of the mesenchyme
(M, arrowheads) to the LHRH neurons in the periphery (P,
open arrows).] In contrast to the mRNA studies, indepen-
dent of time in culture, LHRH/nestin-immunopositive
cells were not detected in the periphery.
Comparison of bilateral and unilateral cultures. Simi-
lar results were obtained in bilateral and unilateral explants
with respect to localization of nestin mRNA in LHRH cells.
Nestin mRNA was detected in ;66% of the LHRH cells
removed form the periphery of the explant. Unlike the
mRNA data, the two explant types yielded different results
with respect to LHRH cells expressing nestin protein. The
Bar 5 200 mm in B; and 20 mm in C, D. Histogram: Quantitation
xplant. The main tissue mass includes the OPE, NMC, and M. T
P). Note: in general the periphery of the explant extends for ;1–2 m
containing no tissue. The number of immunopositive cells for eithe
No nestin LHRH-like immunopositive cells were observed in six bilatenumber of nestin-immunopositive LHRH cells was signifi-
cantly greater (P , 0.05) in unilateral explants compared to
the bilateral explants. In contrast, at 7 div the number of
LHRH neurons on the main tissue mass of a unilateral
explant was equivalent to the number of neurons present in
one-half of a bilateral explant [66 6 6 cells/culture for the
unilateral explant (n 5 23), 128 6 12 cells/culture/2 564
cells/one-half of a bilateral culture (n 5 25)]. In addition,
the total number of LHRH neurons in bilateral and unilat-
eral cultures (compare histograms, Figs. 3 and 4) increased
from 3 to 7 days, consistent with previous observations
(Fueshko and Wray, 1994). These data indicate that midline
tissue does not regulate LHRH expression in LHRH cells or
that the relevant cues affecting LHRH expression were
received by pre-LHRH cells prior to removal of the midline
tissue. This does not appear to be the case for nestin
expression in LHRH cells since nestin expression dramati-
cally decreased in cells upon reaching the midline.
The lower number of LHRH/nestin neurons detected in
bilateral (13 6 7 cells/one-half of a bilateral culture, n 5 4)
versus unilateral (60 6 8 cells/culture, n 5 18) cultures (7
div) was reproduced in cultures generated on different dates
(data not shown). One hypothesis that could explain these
data is that unilateral cultures developed more slowly than
bilateral cultures due to greater manipulations. One can
argue against this hypothesis since no difference was found
in the number of LHRH-immunopositive cells detected per
single olfactory pit (see above). In addition, after 7 div a
similar percentage (15–25%) of LHRH neurons migrated off
the main tissue mass in both types of explants (Figs. 3 and
4, histograms). Migrational cues within the olfactory pit
also appeared to be maintained since LHRH neurons moved
toward tissue proximal to the nasal cartilage in both types
of explants. Thus, manipulation by itself does not alter the
development or migration of LHRH neurons and account
for the dramatic differences in LHRH/nestin expression
that were observed in unilateral versus bilateral cultures.
Moreover, independent of culture type, LHRH/nestin-
immunopositive cells were not detected in the periphery.
Taken together, the data from the bilateral and unilateral
explant groups led to the hypothesis that the presence of
nasal midline cartilage or adjacent mesenchyme affected
nestin expression in LHRH neurons.
Midline Cartilage/Mesenchymal Tissue Alters
LHRH/Nestin Coexpression
To test the hypothesis that midline cartilagenous/
mesenchymal tissues present in bilateral explants alter
RH or LHRH/nestin neurons on the main tissue mass and entire
tire explant is defined as the main tissue mass plus the periphery
om the edge of the main tissue mass, with the rest of the coverslip
RH or nestin were counted per explant, values represent X 6 SEM.of LH
he en
m fr
r LHral cultures grown in vitro for 3 days.
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352 Kramer and Wraynestin expression in embryonic LHRH neurons, surgical
manipulations were performed on nasal tissue prior to
culturing. Tissues were then grown for 7 div and immu-
nocytochemically analyzed for LHRH/nestin coexpres-
FIG. 4. LHRH-positive/nestin-positive cells are present in unilate
pithelial areas including some proximal mesenchyme from the m
quare represents the area in B and the solid square represents the
rrows, dots represent LHRH neurons). OPE, olfactory pit epithel
anels B and C, dashed lines define the borders between the olfac
xplant. (M label is on border of mesenchyme and periphery). Dou
xplant (B and C) maintained in vitro for 7 days. Arrowheads, cells
periphery of main tissue mass (C, and inset); solid arrows, cells rob
chosen to highlight cell populations and thus lightly labeled LHR
olfactory pit (solid arrows, B and C). (Note: other nestin-positiv
characteristic bipolar morphology, were present, and currently the
Histogram: Quantitation of neurons stained for LHRH or LHRH/n
number counted on the main tissue mass. The entire explant a
immunopositive cells for either LHRH or nestin was counted persion. Experimental groups included (1) whole bilateral cxplants (n 5 18), (2) whole explants with a cut intro-
uced between the midline tissue and one olfactory pit,
ut tissue not moved (sham-operated; n 5 20), (3) whole
xplants that had midline tissue and one olfactory pit in
asal explants. The bilateral explant was divided into two olfactory
e nasal cartilage creating two unilateral explants (A). The dotted
ge in C. LHRH neuronal migrational path is shown (A, top, open
M, mesenchyme; NMC, nasal midline cartilage; P, periphery. In
pit epithelium (OPE), mesenchyme, and periperhy (P) of the nasal
abel immunohistochemistry was performed on a unilateral nasal
ned for LHRH (B and C); open arrowheads, double-labeled cells at
stained for nestin on the olfactory pit (B and C). This explant was
eurons are not visible in the nestin-positive bipolar cells on the
lls in the periphery that did not express LHRH, nor have the
velopmental history is unknown.) (B) Bars 5 100 mm; (C) 20 mm.
are given as total numbers counted on the entire explant and the
ain tissue mass as defined in legend to Fig. 3. The number of
nt, values represent X 6 SEM.ral n
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353LHRH Neuronal Developmentthe remaining explant (see Fig. 5A, n 5 56), (4) explants
in which both olfactory pits were separated from the
midline tissue (n 5 3), and (5) single olfactory pits alone
n 5 19). The results of these experiments are shown in
able 2. Removal of midline tissue (no longer in contact
ith an olfactory pit) increased nestin expression in
HRH neurons (Table 2 and Fig. 5D) while contact
etween midline tissue and the olfactory pit reduced
estin expression in LHRH neurons (see Table 2 and Figs.
B and 5C). In Table 2 bilateral explants did not contain
HRH/nestin coexpressing cells in contrast to a different
et of cultures shown in Fig. 3 (histogram) that contained
few coexpressing cells (5–10%). Each of these experi-
ents utilized explants generated by different individu-
ls. As such the difference in the results were most likely
ue to individual variability in manipulation of the
issues during culturing. In addition, these values were
imilar to the bilateral explant with a single added cut
Table 2, B) and thus most likely represents the range
0 –10%) of LHRH/nestin coexpressing cells present in
ilateral explants.
Nestin-Positive LHRH Neurons Are Postmitotic
To further characterize the neuronal population coex-
pressing nestin and LHRH, immunocytochemistry was
performed for cyclin D1 and Ki67. These proteins are
present during the mitotic cycle of mammalian cells (Bravo
et al., 1987; Won et al., 1992; Sawhney and Hall, 1992). In
vivo LHRH neurons are postmitotic prior to migrating from
the olfactory pit (Wray et al., 1989). Many nestin-
immunopositive cells observed in the explants expressed
LHRH and had a bipolar morphology, suggesting that the
cell was differentiating (Figs. 4B, 4C). The mitotic activity
of the cell should be decreasing or complete. Nestin-
immunopositive bipolar cells within the olfactory pit were
not positive for Ki67 at 3 div (Fig. 5E; n 5 10 cultures) or
cyclin D1 at 5 or 7 div (n 5 2 cultures each; data not
shown). Consistent with these results, LHRH-positive cells
were not immunopositive for Ki67 after 3 div (n 5 10
cultures; Fig. 5F) or cyclin D1 at 3, 5, or 7 div (n 5 4, 2 and
2 cultures, respectively; data not shown). Absence of these
markers within nestin-immunopositive neurons or LHRH
immunopositive neurons indicates these cells were postmi-
totic.
DISCUSSION
The studies performed in this report begin to identify
genes whose expression would serve as markers for cells
derived from the nasal placode in the pre-LHRH lineage.
Discovery of developmental markers is critical for tracing
cues important for cell differentiation. Of the six develop-
mental markers examined only nestin was detected in
LHRH neurons. Nestin was expressed in cells in the invagi-
nating nasal placode and was identified in early expressingHRH neurons. During normal development nestin expres-
ion was down-regulated as LHRH cells differentiated.
ash-1, Math4A, Math 4C/neurogenin1, and NeuroD were
ot detected in LHRH-positive cells. These results indicate
hat LHRH neurons diverge from olfactory sensory cells
uring early stages of nasal placode differentiation. With
he identification of nestin as an early marker in LHRH
eurons we used an in vitro system, nasal explants, to study
ues/signals that might influence LHRH differentiation.
uch studies revealed that removal of midline nasal tissue
rolonged expression of nestin in LHRH neurons. Based on
hese data, we hypothesize that nasal midline is required for
ifferentiation of LHRH cells and that gene expression
uring development of LHRH neurons is not entirely cell
utonomous but that a midline signal(s) in nasal regions is
mportant.
Nestin Is a Marker Detected in Newly
Differentiating Neurons
Nestin is an intermediate neurofilament that is expressed
at high levels in neural precursor cells, i.e., neural crest and
CNS stem cells, and its expression coincides with neuro-
genesis (Frederiksen and McKay, 1988; Stemple and Ander-
son, 1992), decreasing upon terminal differentiation (Len-
dahl et al., 1990). Nestin expression, when examined, is in
cells prior to MASH-1 expression (Sommer et al., 1995). In
vivo, nestin-immunopositive cells were detected in the
nasal placode at E10.5–E11.0. Certainly nestin may be
expressed earlier in developing nasal placode cells. This age
was chosen as our earliest time point due to the fact that
LHRH cells are differentiating during this period; i.e., they
become postmitotic between E10.0 and E11.0 and begin to
express LHRH (Wray et al., 1989). By E11.5, a few LHRH/
nestin-expressing cells were detected in two of three em-
bryos. Nestin mRNA in the olfactory pit decreased by half
between E11.5 and E12.5. Together these results suggest
that a maximum amount of nestin is expressed in the
invaginating nasal placode/developing olfactory pit be-
tween E10.5 and E11.5. Maximum nestin transcripts thus
coincide with the time that LHRH neurons become post-
mitotic. The decrease in nestin mRNA in nasal epithelial
cells at a time when LHRH neurons have ceased dividing is
consistent with results in the CNS, where nestin produc-
tion declines or ceases a short time before cells become
postmitotic (Frederiksen and McKay, 1988).
Southern analysis of the cDNA from single cells indi-
cated that nestin and LHRH mRNA were present in 56% of
all bipolar cells studied. Detection of nestin mRNA in
LHRH neurons that migrated out of the olfactory pit in
vitro using the single-cell assay, but not in vivo using in
situ hybridization, can be explained by the greater sensitiv-
ity of the single-cell analysis (with a limit of 5–10 mRNA
copies/cell) versus in situ hybridization using an oligo probe
(40–60 mRNA copies/cell) (Hofler, 1989).
354 Kramer and WrayFIG. 5. Nestin/LHRH coexpression after surgical manipulations. Separation of one olfactory pit from the nasal explant altered the pattern
of LHRH/nestin coexpression. A single olfactory pit (A; left labeled OP) was separated from the second olfactory pit and midline nasal
cartilage (A; right, labeled OP, NMC). Boxed regions in A are enlarged in B–D. LHRH-positive/nestin-negative cells were detected on the
olfactory pit with nasal midline cartilage (B; brown cells, arrows) and on the border of the olfactory pit and periphery (C; arrowheads and
arrows, respectively). Borders between different tissue types are defined by dashed lines. In contrast, the olfactory pit separated from the
midline cartilage (A; left OP) exhibited a small population of LHRH/nestin coexpressing cells (D; nestin staining is blue-green crystals, open
arrows). LHRH and bipolar nestin cells are not proliferating in the explant cultures. (E) Bipolar nestin-positive cells (blue, arrowheads)
within the olfactory pit of 3-day-old cultures did not stain for Ki67 (brown, arrows). LHRH-positive cells (F, brown cells, arrowheads) within
and migrating from the olfactory pit (OP) were also not Ki67 immunopositive (blue, arrows). Bar 5 50 mm, A and C; 20 mm A and D–F.
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355LHRH Neuronal DevelopmentMidline Nasal Tissue Does Not Alter LHRH Cell
Proliferation
All nestin–LHRH-labeled cells in cultures with or lacking
midline tissue had bipolar morphology, suggesting that
these cells were in a nonproliferative, differentiated state.
To examine this issue, the mitotic markers Ki67 and cyclin
D were used. Expression of either Ki67 or cyclin D was not
observed in LHRH nor nestin–LHRH cells, although many
other mitotic cells were present at 3 div. Furthermore, no
change in Ki67 or cyclin D staining was observed due to the
presence or absence of midline tissues. By 5 div, few mitotic
cells were detected. The overall decrease in mitotic cells
was due to our specific treatment paradigm. Cultures were
treated with the replication inhibitor fluorodeoxyuridine
(FdUR) (Fueshko and Wray, 1994) at 3 div. Thus, changes in
cell number after 3 div is not due to general cell prolifera-
tion. These results, together with the fact that the number
of LHRH-expressing cells was the same on both bilateral
(midline present) and unilateral explants (midline absent) at
3 div, indicate that midline nasal cartilage did not induce or
TABLE 2
The Presence of Nasal Midline Cartilage Decreases Nestin Coexpr
Explant typea
A Bilateralc
B Bilateral cutd
One pit separatede
D Both pits separatedf
E Unilateralg
a Diagram to the right represents the tissues grown on a single
epresents nasal midline cartilagenous tissue.
b Percentage of cultures with LHRH-positive cells (LHRH1/nes
estin1).
c Intact bilateral explant.
d One olfactory pit was surgically separated (dotted line) from the
e A single olfactory pit was removed from the remainder of th
attached olfactory pit.
f Both olfactory pits are surgically separated from the nasal midl
g A single olfactory pit is removed and isolated from other tissu
h Values are from six individual olfactory pits from three separainhibit proliferation. lMidline Nasal Tissue Induced Further
Differentiation of LHRH Cells
In unilateral nasal explants, LHRH/nestin neurons mi-
grate toward the location of the removed midline nasal
cartilage. Within a very short distance nestin immunostain-
ing became weaker (a span of one to three neuron lengths),
just as LHRH neurons migrated out of the olfactory pit.
Subsequently, nestin staining fell below detectable levels,
as LHRH staining became stronger. These events occurred
in an extremely reproducible manner. The rapid down-
regulation of nestin in LHRH neurons after migrating from
the olfactory pit is consistent with a signal given by tissue
in contact with the olfactory pit or a factor(s) diffusible over
20–60 mm (one to three neuron lengths) from the olfactory
it. In support of this idea, close placement of midline
issue back with unilateral explants altered nestin expres-
ion; physical contact of the nasal midline cartilage to one
r both olfactory pit(s) dramatically decreased the percent-
ge of cultures containing LHRH/nestin-postive cells.
The down-regulation of nestin at the border of the mid-
n in LHRH Cells
Cell markersb
Number of cultures
H1/nestin2
(%)
LHRH1/nestin1
(%)
100 0 18
95 5 20
55 45 56
0 100 6h
0 100 19
erslip for 7 div. The circles represent olfactory pits and the oval
or cultures with cells coexpressing LHRH and nestin (LHRH1/
l midline cartilagenous tissues but the olfactory pit was not moved.
lant containing the nasal midline cartilageneous tissues and an
artilageous tissues.
plant cultures.essio
LHR
cov
tin2)
nasa
e exp
ine c
es.ine did not induce differentiation of a progenitor cell but
f
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356 Kramer and Wraysuggests that the midline regulates nestin expression (a
differentiation marker). Cells within the olfactory pit that
express nestin already had a bipolar morphology and low
levels of LHRH expression. This indicates that these
LHRH–nestin-expressing cells were at an intermediate
state of differentiation prior to the induction event observed
at the midline. Furthermore, this data suggests that midline
cues do not signal for onset of LHRH expression since
LHRH-stained cells were present in bilateral and unilateral
explants at similar levels. Olfactory axons on which LHRH
neurons migrate (Wray et al., 1994) appeared to be intact
regardless of the midline’s presence or placement. This
suggests that other neurons within this same region were
not influenced in the same manner as LHRH cells. Since
nestin is a marker expressed in neurons before terminal
differentiation we determined that the transition from
LHRH/nestin expression to robust LHRH expression was a
defined step in differentiation of LHRH neurons. Thus, the
differentiation of LHRH/nestin-expressing cells to LHRH
neurons at the nasal midline border required close contact
with midline tissue, or tissue earlier exposed to midline
regions; and the induction event was specific to LHRH-
expressing cells.
Nestin mRNA was detected in LHRH neurons removed
from the periphery of embryonic nasal explants, e.g., cells
that had migrated out of the olfactory pit. Comparing
unilateral and bilateral cultures we observed that the num-
ber of LHRH neurons expressing nestin protein dropped
80% versus the small 17% decrease in LHRH neurons
containing nestin mRNA. These results suggest that nestin
protein is degraded more quickly than the mRNA and/or
that nestin is post-transcriptionally regulated in olfactory-
derived LHRH neurons and that one or both of these
processes are influenced by midline tissues. Possible candi-
dates regulating these events include members of the bone
morphogenetic protein family that are expressed in nasal
regions and mediate a diverse array of developmental pro-
cesses including lineage commitment and differentiation
(Jones et al., 1991; Mehler et al., 1997). Although the
specific mechanism requires further investigations, this
study demonstrates that signaling at the nasal midline
tissues advances the differentiation of LHRH neurons as
indicated by the down-regulation of nestin and up-
regulation of LHRH.
In summary our results show that several transcription
factors that are present in cells of the ORN lineage, Mash-1,
Math4A, Math 4C/neurogenin, and NeuroD, are not
present in embryonic LHRH neurons. Nestin mRNA and
protein was detected in LHRH neurons. The expression of
nestin in LHRH neurons, gives us a marker in the invagi-
nating nasal placode, which appears in cells destined to
become LHRH neurons, and thus may allow us to trace the
lineage of this critical neuroendocrine cell type. Close
contact with nasal midline tissue, or tissue earlier exposed
to midline regions, influences differentiation of LHRH
neurons. The documented influence of midline signaling on
LHRH expression decreases the likelihood that LHRH dif-erentiation is completely cell-autonomous, but rather in-
olves an inductive interaction(s).
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